Gavini CK, Mukherjee S, Shukla C, Britton SL, Koch LG, Shi H, Novak CM. Leanness and heightened nonresting energy expenditure: role of skeletal muscle activity thermogenesis. Am J Physiol Endocrinol Metab 306: E635-E647, 2014. First published January 7, 2014; doi:10.1152/ajpendo.00555.2013.-A high-calorie diet accompanied by low levels of physical activity (PA) accounts for the widespread prevalence of obesity today, and yet some people remain lean even in this obesogenic environment. Here, we investigate the cause for this exception. A key trait that predicts high PA in both humans and laboratory rodents is intrinsic aerobic capacity. Rats artificially selected as high-capacity runners (HCR) are lean and consistently more physically active than their low-capacity runner (LCR) counterparts; this applies to both males and females. Here, we demonstrate that HCR show heightened total energy expenditure (TEE) and hypothesize that this is due to higher nonresting energy expenditure (NREE; includes activity EE). After matching for body weight and lean mass, female HCR consistently had heightened nonresting EE, but not resting EE, compared with female LCR. Because of the dominant role of skeletal muscle in nonresting EE, we examined muscle energy use. We found that lean female HCR had higher muscle heat dissipation during activity, explaining their low economy of activity and high activity EE. This may be due to the amplified skeletal muscle expression levels of proteins involved in EE and reduced expression levels of proteins involved in energy conservation in HCR relative to LCR. This is also associated with an increased sympathetic drive to skeletal muscle in HCR compared with LCR. We find little support for the hypothesis that resting metabolic rate is correlated with maximal aerobic capacity if body size and composition are fully considered; rather, the critical factor appears to be activity thermogenesis.
OBESITY IS INCREASING WORLDWIDE and underlies innumerable associated health problems that lead to decreased quality of life and increased mortality (3, 19, 20, 25, 28, 75) . Although the contribution of diet to the obesogenic environment is unquestioned (69), a sedentary lifestyle also has deleterious effects on body weight (BW) and health (8, 15, 33 ). An individual's level of daily physical activity (PA) is a biologically regulated heritable trait that tends to be associated with leanness (31, 47, 48) . We have found that a key feature predicting high PA is intrinsic aerobic capacity; this holds true for both humans and laboratory rodents (35, 37, 39, 56, 63, 96) . Rats that have been selectively bred for high aerobic endurance treadmill running capacity [high-capacity runners (HCR)] are consistently more physically active than their low-endurance counterparts selectively bred as low-capacity runners (LCR). Aerobic capacity is a strong predictor of early morbidity and mortality in both men and women (39, 56) ; in fact, after age, it is the strongest predictor of longevity in men (56) . This provides support for the theory that greater capacity for energy transfer at all levels of biological organization underlies reduced risk for complex disease and diminished longevity (aerobic hypothesis). Consistent with this, HCR have a low risk of obesity and associated metabolic disorders as well as enhanced longevity (36, 94) ; although they were not selected for leanness or obesity per se, HCR and LCR reliably display lean and obese phenotypes, and this is likely to stem from bioenergetic mechanisms underlying complex disease (34) . We exploit these traits of a lean, highendurance phenotype to uncover the mechanisms through which a significant fraction of the human population (roughly one-third) (18) avoids becoming obese even in the present-day obesogenic environment.
The preponderance of evidence points to an individual's "spontaneous" daily activity as an important predictor of obesity resistance (30, 46, 48, 67) . Energy expenditure (EE) associated with both voluntary exercise and nonexercise activity thermogenesis (NEAT) is a vital contributor to both weight maintenance and weight loss (46) . NEAT accounts for the bulk of activity-associated EE in most individuals (47) , and the ability to increase NEAT in the face of additional caloric intake has been shown to be the key trait distinguishing people who resist gaining fat (46) . A person's NEAT is determined by their amount of PA, the load they carry, and the fuel cost of that activity. Although NEAT plays an important role in overall EE, little is known about the mechanisms that might explain the variance in NEAT among individuals. Human NEAT is equivalent to all activity thermogenesis in animals in the absence of exercise (61) .
LCR are known to have elevated adiposity and low PA, even in the absence of dietary challenge, whereas HCR resist becoming obese (62, 63) . Here, we tested the hypothesis that heightened PA and, therefore, NEAT meaningfully augment total energy expenditure (TEE). The dominant contributors to TEE are body size and composition; differences in body sizes between lean and obese phenotypes have hampered accurate comparisons of EE and how this relates to obesity propensity (9, 90) . To determine the role of NEAT in this lean, highcapacity phenotype and rule out the confounding effect of BW and composition (49) , we measured TEE in male rats as well as a population of female rats of the lean, high-capacity (i.e., HCR) and obesity-prone, low-capacity (i.e., LCR) phenotypes that were equivalent in BW or lean mass. Next, using statistical multilinear modeling, we determined which component(s) of TEE, resting or nonresting EE, differed between lean vs. obesity-prone rats. Heightened NEAT implicates altered skeletal muscle energy use. Therefore, we tested the hypothesis that calories are dissipated during PA as heat energy and investigated several potential molecular mechanisms that could account for this additional EE. Finally, we explored the possibility that differences in activity thermogenesis were accompanied by altered sympathetic nervous system (SNS) outflow to skeletal muscle.
MATERIALS AND METHODS
Adult female HCR/LCR rats (selection generation 25, n ϭ 13/ group, 10 -12 mo of age and overlapping in body weights) and adult males from generation 27 (n ϭ 16) were obtained from the University of Michigan. Each rat was housed individually on a 12:12-h light-dark cycle with lights on at 0700 eastern standard time. Rats received rodent chow (5P00 MRH 3000; T. R. Last) and water ad libitum. All studies were conducted according to the rules and approval of the Kent State University Institutional Animal Care and Use Committee.
We verified that the weight-matched females selected for this study were generally representative of the phenotypes of generation 25 female rats by comparing results of the aerobic capacity treadmill phenotyping analysis conducted for each rat at 11 wk of age, including body weight and best time, distance and speed, and work performed. T-tests were used to compare the females studied here relative to all females of generation 25.
Body composition. We measured body composition using Echo MRI-700 (Echo Medical Systems, Houston, TX) to determine the fat and lean mass (in g) of each rat the day before test. This did not interfere with temperature transponder function (see transponder implantation below).
Measurement of TEE and its components. After body composition determination, adult female HCR and LCR rats were measured for TEE and 24-h PA using small animal indirect calorimetry (4-chamber Oxymax FAST system; Columbus Instruments, Columbus, OH). Although there are sex-and estrous cycle-related differences in metabolism, the phenotypic differences in activity we documented are robust and seen regardless of sex (62) or any variance related to the estrous cycle, which has minimal effects on either resting or nonresting EE (22) . Rats were acclimated to the calorimetry chamber (7.5 ϫ 12 ϫ 9 in.) and room for 24 -48 h prior to testing; this is sufficient to avoid novelty-induced increases in PA (data not shown). On the day of calorimetry, rats were weighed and placed in the chamber with food and water; the chamber was then sealed. The calorimeter was calibrated using primary gas standards. Air was pumped into the chamber at 1.9 -3.1 liters/min, depending on the weight of the rat, and chamber air was sampled at 0.4 liters/min. Measurement of gas exchange took place every 30 s throughout the 24-h period, except for a 3.5-min room air reference and settle period after each 60-sample interval. PA data were collected, using infrared beam-break counts, every 10 s uninterrupted throughout the 24-h period in the x-and z-axes; the 1st hour of data was not included in the analysis. Data collected from 1200 (EST) on day 1 through 1200 on day 2 were analyzed. EE data (V O2, V CO2, respiratory exchange ratio, kcal/h) were averaged, and PA data were expressed as mean beam breaks per minute. BW and food intake (FI) data indicate that rats were in homeostatic energy balance during EE measurements. For male rats, FI was similar during the EE measurement (20. Next, we separated the nonresting EE and resting EE components of TEE data described above using Columbus Instruments software (CLAX). Using the data set described above, resting EE was defined as the lowest level of EE, excluding the five lowest episodes (i.e., short sequences of consecutive data points) to prevent potential bias due to variation in gas exchange values that can occur during the switch from sample to reference air measurement. We did not use a consistent time period to define resting EE, as others have done (11, 22, 52) , because the high-resolution activity (every 10 s) and EE (every 30 s) recordings revealed that rats were rarely inactive for 30 consecutive minutes or more and that these periods did not reliably fall at the same time of day among rats. Moreover, these sedentary periods were often marked by heightened residual EE from recent PA. This same method was used to define resting EE during the treadmill test (see below). Because each rat had two separate resting EE values calculated within a short period of time (one for 24-h EE, one before treadmill walking), we compared the two values for each rat to validate our method. The two resting EE measurements were very similar: resting EE from the 24-h calorimetry for HCR was 1.23 Ϯ 0.04 kcal/h, and resting EE from the 2-h measurement was 1.29 Ϯ 0.04 kcal/h; for LCR, the values were 1.19 Ϯ 0.05 and 1.18 Ϯ 0.06 kcal/h, respectively. Nonresting EE is defined as (TEE) Ϫ (resting EE).
As reported previously (62) , resting and PA EE were directly assessed by measuring gas exchange once every 10 s during a treadmill activity test. At least 1 day after a 15-min treadmill acclimation period, rats were placed in the treadmill and allowed to acclimate without food for 2 h. Given the time of day, 2 h without food is likely to be sufficient to avoid the thermic effect of food from what little the rats may have eaten prior to this time during the light phase of the cycle (29) ; however, thermic effect of food could not be quantified during the 24-h EE measurement. Over the course of this 2-h period, rats showed a predictable pattern of behavior; PA and EE rise markedly then fall gradually, reaching a steady state. After the 2-h resting period, the treadmill was started at 7 m/min for 30 min, during which time steady-state activity EE data were collected. Rats that did not show adequate resting or activity (walking backward on the treadmill, sitting on the treadmill or shocker) were measured at a later date.
All EE data from both males and females were analyzed using t-tests, ANOVA, and analysis of covariance (ANCOVA); however, males and females were not compared directly with each other. Because our previous studies suggested the hypothesis that EE was elevated in HCR, we compared resting and nonresting EE between weight-matched or lean mass-matched HCR and LCR using a onetailed paired t-test. An unpaired one-tailed t-test was used to compare treadmill gas exchange values between groups based on our previous results. Finally, for both male and female rats, TEE, resting EE, and nonresting EE were analyzed using ANCOVA with either body mass or lean mass as the covariate; interaction terms were removed from the analysis if not significant. Although lean mass is regarded as the best covariate for analyzing resting EE or total EE (90), activity EE is better evaluated using body weight (74) . Thus resting and nonresting EE were analyzed using lean mass and body weight as covariates in separate analyses to allow full comparison.
Statistical modeling. EE data were subjected to modeling using multiple linear regression to determine what parameters/factor(s) best predicted TEE, resting EE, and nonresting EE in HCR compared with LCR. For each of the six combinations of phenotype (HCR, LCR) and EE (TEE, resting EE, nonresting EE), we included BW, fat mass, lean mass, and activity level (horizontal activity counts) as predictors in the initial analysis. To more effectively narrow the relevant predictors of EE, and to avoid overfitting of the data as well as overlap in predictors (i.e., fat and lean mass as components of BW), the data were then reanalyzed after any nonsignificant factors were removed from the analysis. Analysis was done using MS Excel 2010 (www.microsoft.com).
Transponder implantation. Adult female HCR/LCR rats (n ϭ 7/group, a subset of actual group mentioned above) were anesthetized using isoflurane. A short incision was made on both hindlegs. Sterile temperature transponders (IPTT-300; Bio Medic Data Systems) were implanted adjacent to the gastrocnemius (gastroc) muscle group of both hindlimbs to measure the heat generated by skeletal muscle during activity. Care was taken to place the transponders so as not to disrupt locomotor function. Rats were allowed to recover for 1 wk before the graded treadmill test was performed. Implant placement was examined during tissue harvest, and data from inaccurately placed transponders were omitted from the final analyses.
Graded treadmill test. To determine skeletal muscle heat dissipation during controlled PA, we measured the temperatures of the gastroc muscle group using a graded treadmill exercise test. The rats were acclimated to the treadmill for 10 min in the days prior to the test as well as immediately before the test. Gastroc temperatures in each leg were recorded at baseline and at set intervals during a five-level graded treadmill test. Starting at 7 m/min, 0°incline, temperature was measured at 2, 5, and 10 min, 15 min (9 m/min at 0°incline), 20 min (9 m/min, 10°incline), 25 min (11 m/min, 10°incline), and 30 min (11 m/min, 20°incline). The test was stopped at end of 35 min; however, some LCR were not able to complete all five levels of activity.
Muscle gene expression. Skeletal muscle [gastroc and quadriceps (quad)] was collected from adult female HCR/LCR rats (from a separate group, generation 25; n ϭ 8 or 7/group) after euthanization by rapid decapitation without anesthetic agents after several weeks without exercise. Muscle samples were homogenized, and total mRNA was extracted using the Ambion ribopure kit, following the manufacturer's instructions. The purity of mRNA was measured using Nanodrop (ND-1000; Nanodrop Technologies) and A260/280 ratio ranging from 1.8 to 2.1. This mRNA was used to prepare cDNA using an Applied Biosystems kit and thermal cycling at 25°C for 10 min, 48°C for 30 min, 95°C for 5 min, and holding at 4°C. The cDNA was used for quantifying the expression of uncoupling proteins (UCP) 2 and 3, ATP-dependent potassium channel (K ϩ ATP subunits Kir6.1, Kir6.2), mediator of RNA polymerase II transcription subunit 1 (MED1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; used as a control). The relative expression was calculated using comparative CT method (⌬CT). Data are expressed as a percent expression, using the HCR as the reference value (defined as 100%), and groups were compared using a two-tialed t-test.
Western blotting. UCP2, UCP3, and the K ϩ ATP subunits Kir6.1 and Kir6.2 (found predominantly in skeletal muscle) and MED1 were examined in skeletal muscle (gastroc and quad) from adult female HCR/LCR rats (same group of generation 25 rats used for muscle gene expression; n ϭ 5 or 4/group), using actin as a loading control for protein expression. Skeletal muscle samples were homogenized with ice-cold RIPA buffer (Thermo Scientific) containing a protease inhibitor cocktail (Roche Diagnostics). The supernatant from the homogenization and subsequent centrifugation was used for the analysis. Equal quantities of supernatant and sample buffer (150 mM Tris·HCl, pH 6.8, Trizma base for pH, 6% SDS, 30% glycerol, 0.03% pyronin-Y, DTT) were mixed, and tubes were heated at 90°C for 3 min. Samples containing equal quantities of protein were loaded on to a gradient gel (4 -15%; Bio Rad) and electrophoresed using SDS running buffer (0.384 M glycine, 0.05 M Trizma base, 0.1% SDS) at constant voltage (150 V) for 30 min. The gel was blotted on to a PVDF membrane using semi-wet blotting apparatus and Otter et al. (64a) transfer buffer (49.6 mM Trizma base, 384mM glycine, 17.5% methanol, 0.01% SDS) at constant current (400 mAmp). The blot was incubated overnight in a blocking solution of 5% milk (Blotto) in 1ϫ PBST (phosphate-buffered saline; 84 mM sodium hydrogen phosphate, 16 mM sodium dihydrogen phosphate, 100 mM sodium chloride, and Tween-20) and then rinsed using 1ϫ PBST. Primary antibodies for UCP2, UCP3, actin, and MED1 (Abcam ab67241, ab3477, ab1801, and ab60950 respectively) and for Kir6.1 and Kir6.2 (sc-11224 and sc-11230, respectively; Santa Cruz Biotechnology) were diluted in blocking solution at a ratio of 1:1,000 (Kir6.2, Kir6.1, and MED1 at 1:500) and incubated with the blot overnight. Secondary antibodies were diluted in blocking solution at a ratio of 1:5,000 and incubated for 1 h at room temperature. After washing, the blots were developed with a chemiluminiscence detector, using an Amersham kit (GE Healthcare). The expression levels relative to actin were plotted as a percent of the reference value (with HCR as 100%), and groups were compared using a two-tailed t-test.
Norepinephrine turnover. Adult male HCR/LCR rats (generation 30; n ϭ 13 HCR and 12 LCR) were used to assess sympathetic drive to skeletal muscle (including quad, lateral and medial gastroc, and soleus) and brown adipose tissue (BAT). They were individually housed on a 12:12-h light-dark cycle with ad libitum access to standard rodent chow and water and acclimated to daily handling for 1 wk. Level of sympathetic drive to peripheral tissues was determined by norepinephrine (NE) turnover (NETO) method using ␣-methyl-ptyrosine (aMPT) (76) . aMPT is a competitive inhibitor of tyrosine hydroxylase, the rate-limiting enzyme in catecholamine biosynthesis. After aMPT administration, the endogenous tissue levels of NE decline at a rate proportional to the initial NE concentrations. The rats were divided into two subgroups per group (aMPT and control). On the day of study, rats receiving aMPT were injected with aMPT (125 mg aMPT/kg of BW, 25 mg/ml) and with a booster dose at same concentration 2 h later. All rats were euthanized by rapid decapitation between 1200 and 1500, 4 h after first aMPT injection. Tissues were rapidly dissected and snap-frozen in liquid nitrogen.
Briefly, tissue was thawed and homogenized in a solution containing dihydroxybenzylamine (internal standard) in 0.2 M perchloric acid (PCA) with 1 mg/ml ascorbic acid (AA). Following centrifugation for 15 min at 7,500 g at 4°C, catecholamines were extracted from the homogenate with alumina and eluted into the PCA/AA. The catecholamines were assayed using an HPLC system with electrochemical detection (Coulochem III), MDTM mobile phase, and a reversephase MD 150 ϫ 3.2 column. NETO in quad, lateral and medial gastroc, BAT, and soleus were calculated using the following formula (76) 
where k is the constant rate of NE efflux (also known as fractional turnover rate), [NE] 0 is the initial NE concentration or from 0-h group (control), [NE] 4 is the final NE concentration or from 4-h group (aMPT), and K ϭ NETO.
Difference in NETO of HCR and LCR tissues were compared using a one-tailed, unpaired t-test for each tissue.
RESULTS

Rats of the lean, high-activity phenotype have higher TEE and nonresting EE but not consistently high resting EE.
Results of t-tests supported the assertion that both the weightmatched female HCR and LCR measured in this study were representative of the larger populations (all other female HCR and LCR from generation 25). Compared with other generation 25 female HCR, the female HCR in this study weighed significantly more (ϩ9.6 g, P ϭ 0.03) but showed equivalent performance on all aerobic capacity variables (best time, distance, and speed, P Ͼ 0.30 for all), with the exception of work (Joules), which was greater in the weight-matched HCR (P Ͻ 0.05), a consequence of their larger BW. The LCR in this study weighed significantly less than the other female LCR of gen-E637 SKELETAL MUSCLE AND NEAT eration 25 (Ϫ13.7 g, P Ͻ 0.01), but there were no other differences between this group and other female LCR in generation 25 in work, best time, distance, or speed during the treadmill test.
As shown in Fig. 1 , female HCR had significantly higher TEE when rats were matched for either BW (Fig. 1A) or lean mass (Fig. 1B) or when they were analyzed as a group (Fig.  1C) . To parse the components of TEE (i.e., resting EE ϩ nonresting EE), we first validated our method to estimate resting EE from the 24-h calorimetry dataset using the 2-h treadmill test described above (62) . The two methods of calculating resting EE did not differ significantly (t ϭ Ϫ0.64, P ϭ 0.53), supporting the validity and accuracy of our resting EE calculation from TEE data. After matching for BW, total energy cost of activity (treadmill walking) was higher in HCR (3.09 Ϯ 0.10 kcal/h) compared with the LCR (2.88 Ϯ 0.08 kcal/h). Fig. 1 . High-capacity runners (HCR) have heightened total energy expenditure (TEE) and nonresting energy expenditure (NREE), but not resting energy expenditure (REE), when matched for body weight (BW; A), for lean mass (LM; B), and/or by group (C). Daily physical activity was higher in HCR when matched for BW, for LM, or by group. HCR and low-capacity runners (LCR) show significant differences in fat mass (FM) but not in LM or BW when analyzed by group (C) or when weight matched (A). *P Ͻ 0.05 (HCR LCR). All data are means Ϯ SE (n ϭ 8/group for BW and LM matched; n ϭ 13/group for TEE by group).
Resting EE over the 24-h test did not differ between female HCR and LCR either as a group (without matching; Fig. 1C ) or when matched for lean mass (Fig. 1B) . Nonresting EE was significantly higher in female HCR in every analysis performed after matching for either lean mass or BW or without matching (Fig. 1) . The heightened nonresting EE in the lean, highcapacity phenotype (HCR) was not secondary to a higher workload, as fat mass and/or total mass were higher in the LCR in each analysis. PA, both horizontal and ambulatory activity, was also higher in female HCR than LCR in every analysis performed (Fig. 1) . ANCOVA analyses of EE data from female HCR/LCR revealed that BW or lean mass were the dominant determinants of resting EE, as resting EE was consistently higher in rats with greater BW or lean mass (Fig. 2) . Finally, nonresting EE increased with higher BW or lean mass, and HCR consistently had higher nonresting EE compared with LCR, even after BW or composition were considered using ANCOVA (Fig. 2) . Table 2 contains the results of the multiple linear regression analyses of TEE and its components in female HCR and LCR. In general, lean mass was the dominant predictor of all EE variables; however, lean mass tended to be a better predictor in LCR than in HCR. PA also contributed significantly to predicting TEE and nonresting EE in both lines of rats. Overall, there was more unaccounted-for variance in TEE and resting EE in HCR compared with LCR.
As illustrated in Fig. 2 , ANCOVA analysis of EE data from male HCR/LCR revealed that, as in females, both BW and lean mass strongly affected TEE, resting EE, and nonresting EE. As with the females, male HCR showed greater TEE relative to LCR with either BW or lean mass as the covariate. Nonresting EE was also higher in male HCR compared with male LCR with either BW or lean mass as the covariate. However, unlike in females, the male HCR also showed a slight but significant elevation in resting EE compared with LCR.
High-activity EE is accompanied by skeletal muscle energy dissipation as heat. Our analysis of EE clearly implicated nonresting EE (composed primarily of activity EE) more than resting EE as the predominant contributor to the heightened TEE seen in the lean phenotype. This, along with previous data showing decreased economy of activity in HCR (62), strongly implicated differential skeletal muscle energy use as an underlying cause of differences in nonresting EE and, therefore, TEE. The question remained as to how the HCR dispose of these additional calories. Here, we tested the hypothesis that HCR ultimately expend calories through heat dissipation in skeletal muscle. This hypothesis was tested by measuring gastroc temperature during a graded exercise treadmill test equalizing workload between rats (matched by BW). HCR showed significantly higher gastroc temperatures, and their maximal rise in temperature was significantly higher in HCR compared with LCR (Fig.  3) , demonstrating that HCR have heightened skeletal muscle heat dissipation compared with LCR. Fig. 2 . In all rats, nonresting energy expenditure (EE) increased along with BW (A) and LM (B); NREE was significantly higher in the lean phenotype (HCR) compared with LCR, even after LM and BW were factored out. REE also increased with BW (C) and LM (D) but did not differ significantly between female HCR and LCR. (n ϭ 13/group). *P Ͻ 0.05, HCR Ͼ LCR.
Lean, high-activity rats have higher expression of mRNA and proteins involved in energy expenditure and lower expression of energy-conserving processes in both quadriceps and gastrocnemius.
To determine the source of the calorie use and heat dissipation in HCR skeletal muscle, we examined mRNA and protein expression of molecular end points known to alter energy use in quad and gastroc of HCR and LCR; for energy conservation, we examined MED1 (12) and K ϩ ATP (subunits Kir6.1 and Kir6.2) (2, 59); for energy expenditure, we examined UCP2 and UCP3 (71) . The mRNA content of UCP2 and UCP3 was found to be higher in HCR compared with LCR; that of potassium channel subunits Kir6.1 and Kir6.2, as well as MED1, was higher in LCR compared with HCR (Fig. 4) . Protein expression levels of proteins involved in energy expenditure (UCP2 and -3) were found to be higher in HCR compared with LCR in both quad and gastroc. Protein expression levels of MED1 were higher in LCR compared with HCR in both quad and gastroc (Fig. 4) . No differences were found in protein levels of K ϩ ATP subunits Kir6.1 and Kir6.2 in the quad. Lean rats have elevated SNS drive to skeletal muscle. As illustrated in Fig. 5 , compared with LCR, HCR had higher NETO in several skeletal muscle groups, including quad (Fig.  5C), medial (Fig. 5A ) and lateral gastroc (Fig. 5B) , and soleus (Fig. 5D) , indicating higher sympathetic drive to skeletal muscle, potentially modulating their economy of activity. Higher NETO was also found in interscapular BAT in HCR (104.08 Ϯ 9.8) compared with LCR (29.17 Ϯ 2.35; 1-tailed, unpaired t-test, P value Ͻ 0.0001).
DISCUSSION
It is known that lean people and lean animals have higher daily PA levels (30, 48, 63, 64) and that this is a biologically regulated trait (31, 47) . However, it is not known whether or not this physical activity energy expenditure, or NEAT, meaningfully contributes to TEE. Here, we use a rat model of a lean phenotype to demonstrate that lean rats show heightened TEE and that this is due primarily to elevated nonresting EE. Taken together with previous studies (62, 63) , we have shown that the amplified NEAT characteristic of this lean phenotype is due predominantly to increased daily activity levels combined with increased fuel cost of that activity. The increased calorie use may be secondary to heightened function of muscle UCPs combined with decreased function of K ϩ ATP and MED1 potentially driven by sympathetic outflow to skeletal muscle.
Comparing EE in animals where the phenotypes differ in BW or composition has been an area of disagreement, causing some confusion due to overcorrection for BW or misinterpretation of data (9, 65, 90) . One strategy to compare EE between lean vs. obesity-prone groups is to obtain individuals of each phenotype that overlap in BW or lean mass. Here, we used this strategy to compare TEE and its components in HCR and LCR. This necessitated using female rats, as the male HCR and LCR have minimal overlap in weight between groups; the weightmatched females accurately represented their phenotype except for BW. Relative to female LCR, female rats of the lean, high-capacity phenotype (HCR) did not show significantly elevated resting EE. Instead, the lean, high-capacity rats consistently displayed significantly heightened nonresting EE (Fig.  2) . This persisted when the groups were matched for BW or lean mass or without matching ( Fig. 1 and Table 1 ). This was consistent with ANCOVA analyses, which demonstrated that nonresting EE was consistently higher in female HCR, even after BW and lean mass were considered as covariates, without any detectable difference in resting EE (Fig. 2) .
Although we were not able to compare weight-matched male HCR and LCR, the results of ANCOVA analysis from male rat EE data were similar to females. BW and lean mass are the strongest determinants of TEE and each of its components (resting and nonresting EE), and male HCR had higher nonresting EE than LCR even after lean mass and BW were considered in the analyses. However, unlike the results from female rats, male HCR had slightly but significantly elevated resting EE compared with male LCR even after lean mass was factored into the analysis. Overall, this gives little support for the hypothesis that there is a meaningful deficiency in resting metabolic rate in the obese. Rather, our results support the assertion that nonresting EE, including physical activity EE, is consistently elevated in the lean phenotype associated with high aerobic capacity, regardless of sex, even after individual differences in body mass and composition are taken into account. This is in line with elevated activity EE observed in other models of leanness (40) .
Although ANCOVA can be used to account for group differences in BW or lean mass (90) , even this method is not universally accepted (53, 97) . We used regression analyses to model the contribution of body mass and its components, as well as PA, to TEE as well as to resting and nonresting EE in female HCR and LCR. As shown in Table 2 , the predictive Fig. 3 . HCR have heightened muscle heat dissipation during physical activity. A: mean gastrocnemius (gastroc) temperature during a graded treadmill exercise test. HCR show higher gastroc temperatures throughout the test period compared with LCR, with the exception of resting. B: maximal rise in gastroc temperature was significantly higher in HCR compared with LCR during the graded treadmill test. *P Ͻ 0.05 (HCR Ͼ LCR). All data are means Ϯ SE (n ϭ 7/group).
factors more effectively modeled EE in LCR compared with HCR; models that included lean mass and PA best predicted TEE in both HCR and LCR, although lean mass appeared to be more important in LCR, and activity in HCR. Lean mass was the single best predictor of resting EE in both HCR and LCR.
PA level was a more important predictive factor for nonresting EE. In LCR, the ability of PA to predict nonresting EE was dependent partially on lean mass, which appeared to be the critical factor determining nonresting EE in LCR. This was not the case for HCR, where PA alone significantly predicted Kir6.1 (B) and Kir6.2 (C). G and H: Kir6.1 and Kir6.2 protein levels were also higher in gastroc but not quad. Uncoupling protein (UCP)2 and UCP3 mRNA expression (D and E) and protein levels (I and J) were significantly higher in skeletal muscle of HCR compared with LCR. *P Ͻ 0.05 (HCR Ͼ LCR for UCP2 and UCP3; HCR Ͻ LCR for Kir6.1, Kir6.2, and MED1). All data are means Ϯ SE (n ϭ 7-8 for mRNA expression; n ϭ 4 -5 for protein expression).
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SKELETAL MUSCLE AND NEAT nonresting EE, and this was augmented by considering workload (i.e., BW). This suggests the possibility of an additional factor that contributes to nonresting EE in HCR that was not accounted for in our analyses, a factor that alters the efficiency or economy of locomotion (62), making activity EE less predictable in HCR than in LCR. It is conceivable that economy of activity is differentially modulated in HCR than in LCR, potentially by sympathetic outflow, resulting in greater variance in activity EE in HCR. The ability to use PA levels to predict nonresting EE was likely to be hampered by the uniquely low variance in daily activity when considering only HCR or only LCR (62, 63) . Differences in thermic effect of food may also contribute to inter-individual variance in EE. Several investigations have addressed the extent to which EE, particularly basal metabolic rate (BMR) or related measurements of resting or sleeping metabolic rates, differs among individuals and how this contributes to the tendency to become obese (67, 93) . Answering this question requires accurate measurement of BMR as well as precise consideration of the well-known major determinants of BMR, namely body mass (primarily lean mass) and age (11, 23, 24, 66, 87) . There is no consensus regarding exactly how much BMR varies in the population after accounting for these factors, but most studies estimate that lean mass alone accounts for 72% or more of interindividual variance in BMR; fat mass and age also independently predict BMR (17) . Therefore, it is not a surprise that studies meticulously measuring BMR and body composition find little unaccounted-for variance in BMR that could explain obesity propensity (67, 93) . Our statistical modeling of EE reaffirmed the dominance of lean mass as determinants of TEE and resting EE (Table 2) ; obesity-resistant rats had minor (males) or undetectable (females) differences in resting EE (Figs. 1 and 2 ). Nonresting EE, on the other hand, is consistently elevated in lean rats. These analyses also supported the importance of PA level as a determinant of TEE and nonresting EE, particularly nonresting EE in HCR. As we have established previously, in both males and females, HCR are consistently more active than LCR (62, 63) . We now show that this difference persists even when BW and composition are nearly identical (in female rats; Fig. 1 ), indicating that lower daily PA levels in LCR are not due to the any difficulty in locomotion incurred by greater body mass but are inherent to the obesityprone, low-aerobic capacity phenotype. This is true of both ambulatory and stereotypical PA (Table 1) . This reflects what many studies have established regarding leanness in humans, namely the link between high aerobic capacity, high PA and NEAT, and favorable metabolic health (16, 32, 46, 48, 62, 63, 80) .
NEAT (i.e., activity EE) is the component of TEE that is consistently different between lean and obesity-prone individuals, and this is elevated in obesity-resistant rats through higher levels of PA combined with decreased fuel economy of activity ( Fig. 1 and Table 1) (47, 62) . Skeletal muscle is the major contributor to activity EE and also significantly impacts resting EE (98) . Therefore, the logical next step was to investigate cellular and molecular mechanisms that differentially regulate NEAT in skeletal muscle of these phenotypes. Specifically, what is the fate of the "extra" calories being burned during NEAT in HCR (62) ? In an attempt to answer this question, we hypothesized that excess calories used during the less-economical NEAT in the lean, high-capacity phenotype are being dissipated as heat, which is analogous to the fuel inefficiency that occurs during BAT thermogenesis (43, 70, 83) . Hindlimb gastroc muscle temperature was significantly higher in HCR than LCR during physical activity of equivalent workload (treadmill speed and incline, similar BW; Fig. 3 ). This supports the hypothesis that the "wasted" calories utilized for nonresting EE are being used by muscle, specifically for NEAT, and at least some of the energy is being dissipated as heat. This is consistent with the work of others demonstrating relatively inefficient coupling in HCR mitochondria specifically in HCR skeletal muscle (44, 45, 58, 82, 91) . This is also consistent with reports that, relative to LCR, HCR have enhanced muscle glucose uptake, glucose and lipid oxidation, and higher muscle glycogen (68) . Obesity-related differences in walking or running economy in humans is a matter of some contention. However, studies in both athletes and nonathletes support the idea that those with higher V O 2 max (i.e., aerobic capacity) have lower economy of activity (50, 73) . This relative inefficiency may be a trade-off for enhanced aerobic capacity.
We predicted that the lean vs. obesity-prone phenotypes would exhibit differential expression of molecular mediators of energy consumption in myocytes. We examined K ϩ ATP channels, which are important in determining the metabolic state of the cell by maintaining potential gradient for ATP synthesis (2, 59) . Given that mice deficient in K ϩ ATP channels are lean and have lower fuel economy of activity (2) , similar to HCR, we predicted that lean, high-NEAT HCR would show low expression of K ϩ ATP channels in skeletal muscle compared with obesity-prone LCR. Consistent with this hypothesis, Kir6.2, the predominant subtype of the K ϩ ATP channel in muscle (1, 13, 59, 77) , showed dampened levels of expression in gastroc of HCR (Fig. 4) . In addition, a component of the mediator cofactor complex, MED1 (38, 95) , also showed lower levels of expression in the muscle of HCR than LCR, particularly in gastroc (Fig. 4) . This component of mediator cofactor complex is associated with several nuclear receptors involved in the transcription of genes involved in fatty acid oxidation (38, 95) and is hypothesized to mediate myocyte fuel conservation (12) . Low levels of both MED1 and K ϩ ATP channels are consistent with the compromised economy of activity and increased heat generation of HCR muscle, likely through altered control of fatty acid oxidation (2); however, assessments of channel function are needed to directly test this hypothesis.
Similarly to BAT, skeletal myocytes express UCPs (UCP2 and -3). UCPs play an important role in uncoupling ATP generation and in proton leak across mitochondrial membranes, opposing the function of K ϩ ATP channels in the cell. Here, we found that lean rats have consistently heightened expression of both UCP2 and UCP3 in skeletal muscle (both quad and gastroc) compared with the obesity-prone LCR (Fig.  4) , consistent with what has been reported by others in male rats (44, 45, 82) . There is no consensus on the role of UCPs, especially UCP3, in skeletal muscle, although they are hypothesized to facilitate fatty acid translocation or mitigation of reactive oxygen species (6, 14, 26, 27, 57, 72) . It is unknown whether the uncoupling affects efficiency or thermogenesis. Altogether, the data support a theoretical model in which the myocytes of the lean phenotype have increased use of metabolic fuels, particularly fatty acids, through heightened UCP function along with reduced ability to conserve fuel through MED1 and K ϩ ATP channels. Our findings using a contrasting genetic model system support a role for differential activity-related skeletal muscle thermogenesis in maintaining leanness and identify potential molecular mechanisms underlying this; the data also identify a potential source of these differences. It is possible that the central nervous system modulates muscle fuel efficiency through the SNS in a fashion analogous to what has been documented in other systems, such as BAT (10) . As illustrated in Fig. 5 , compared with LCR, HCR were found to have significantly higher skeletal muscle NETO, an indicator of SNS drive (4). It is possible that muscle fuel uptake and utilization are modulated through the SNS and controlled by central nervous system effectors (60, 78) , possibly including brain orexigenic and anorexigenic peptides that are known to act in the paraventricular nucleus to affect muscle uncoupling protein levels (41, 42, 92) . Brain melanocortins have been found to impact muscle lipid mobilization and glucose uptake (60, 85, 89) , and the lean and obesity-prone rats show differences in central melanocortins (79) , a system recognized to modulate SNS drive (55, 81) . Taken together with previous evidence, these data are consistent with a model in which brain systems (e.g., melanocortins) modulate SNS outflow and myocyte ␤-adrenoreceptors to increase myocyte glucose and fatty acid uptake and utilization, amplifying energy expenditure of activity (i.e., NEAT) (54, 78, 85, 88, 89) . Similar to skeletal muscle, we also found that NETO was higher in BAT of HCR compared with LCR. However, effects of BAT thermogenesis on EE would not be expected to preferentially affect nonresting EE, as was found in our female HCR.
The data described here support a theoretical model where the modulation of metabolic fuel use of skeletal myocytes, potentially through enhanced SNS drive, results in increased or decreased fuel efficiency during locomotion. This predominantly impacts nonresting EE, specifically NEAT, rather than resting or basal metabolism, particularly in female rats (Fig. 3) . This has implications for how we consider metabolism when attempting to prevent or treat obesity. Targeting of pathways maximizing skeletal muscle energy use during physical activity may take advantage of already existing mechanisms that are endogenously employed to a greater extent in naturally lean people.
PERSPECTIVES
Apart from the implications regarding obesity and human health, these data can also be viewed form an evolutionary perspective. The lean, high-NEAT rats were derived originally through artificial selection for intrinsic aerobic capacity (35) . This selective breeding was based on the hypothesis that differences in aerobic capacity underlie the root causes of complex disease (7). Our results not only support the link between oxygen use and disease (specifically obesity and metabolic disease) but also speak to the hypothesis that endothermy evolved through selection for maximal aerobic capacity and that resting or basal metabolism is necessarily elevated in association with aerobic capacity (5, 84) . Our data do not support the supposition that maximal and resting metabolic rates are inexorably linked, aside from the fact that both resting and maximal metabolic rates increase along with body size and lean mass. The HCR were selected specifically for high maximal aerobic capacity and LCR for low capacity (35) , yet HCR and LCR had nearly identical resting metabolic rates once differences in lean mass were effectively factored out using lean mass-matched female rats (Fig. 2) . Maximal aerobic capacity and resting metabolism must be at least somewhat independently modulated (21) . Finally, it is conceivable that the original selection for maximal aerobic capacity was asso- ciated with heightened resting metabolism, but the two aspects of metabolism have since been dissociated.
